Observations of d-band quantum well states are made for atomically uniform Ag films on Fe(100) using angle-resolved photoemission. For increasing film thicknesses, quantum well peaks within the small 4d bandwidth multiply rapidly and merge into a bulklike spectrum at ϳ25 monolayers. An analysis of the peak positions yields a highly accurate bulk band structure of Ag. A very narrow d-band peak width (13 meV) is observed at the band top. PACS numbers: 73.20.Dx, 73.61.At, 79.60.Dp The possibility of d electrons in a film forming quantum well states is an interesting issue both conceptually and experimentally. While there are numerous reports of angle-resolved photoemission studies of quantum well states derived from the nearly free electron like sp electrons [1, 2] , there have been no comparably detailed studies involving the d electrons. The d electrons have a more compact wave function near the atomic core, experience a larger correlation effect, and have much smaller energy dispersions and group velocities. Strong CosterKronig-Auger decay causes the d-state lifetime to be generally short, and the mean free path, being the product of the group velocity and the lifetime, is also short. As a result, the d wave functions are much more localized, and quantum well effects should diminish when the film thickness becomes larger than the mean free path. From the experimental point of view, d-band quantum well states are hard to observe for yet another reason. Many (typically five) d bands coexist in a small bandwidth, within which each band gives rise to ϳN quantum well states, where N is the number of atomic layers in the film. Taking Ag as an example, the 4d shell is almost like a shallow core level. The bandwidth is just under 4 eV, within which there would be ϳ100 quantum well states for a 20-monolayer (ML) film. Most of these would be significantly lifetime broadened and, therefore, unlikely to be resolved. Yet d-band quantum well states can be extremely important for magnetic coupling effects in transition metal film structures, which are finding useful applications in areas of magnetic recording and "spintronics" (electronics based on the spin rather than the charge of carriers) [2] [3] [4] [5] [6] [7] [8] . This Letter presents a study of the basic properties of d-band quantum well states that should serve as a baseline for future technological development based on quantum coherence and interference of d wave functions. Our analysis also yields a highly accurate bulk band structure of Ag covering a wide energy range as well as useful information about the lifetime broadening.
The possibility of d electrons in a film forming quantum well states is an interesting issue both conceptually and experimentally. While there are numerous reports of angle-resolved photoemission studies of quantum well states derived from the nearly free electron like sp electrons [1, 2] , there have been no comparably detailed studies involving the d electrons. The d electrons have a more compact wave function near the atomic core, experience a larger correlation effect, and have much smaller energy dispersions and group velocities. Strong CosterKronig-Auger decay causes the d-state lifetime to be generally short, and the mean free path, being the product of the group velocity and the lifetime, is also short. As a result, the d wave functions are much more localized, and quantum well effects should diminish when the film thickness becomes larger than the mean free path. From the experimental point of view, d-band quantum well states are hard to observe for yet another reason. Many (typically five) d bands coexist in a small bandwidth, within which each band gives rise to ϳN quantum well states, where N is the number of atomic layers in the film. Taking Ag as an example, the 4d shell is almost like a shallow core level. The bandwidth is just under 4 eV, within which there would be ϳ100 quantum well states for a 20-monolayer (ML) film. Most of these would be significantly lifetime broadened and, therefore, unlikely to be resolved. Yet d-band quantum well states can be extremely important for magnetic coupling effects in transition metal film structures, which are finding useful applications in areas of magnetic recording and "spintronics" (electronics based on the spin rather than the charge of carriers) [2] [3] [4] [5] [6] [7] [8] . This Letter presents a study of the basic properties of d-band quantum well states that should serve as a baseline for future technological development based on quantum coherence and interference of d wave functions. Our analysis also yields a highly accurate bulk band structure of Ag covering a wide energy range as well as useful information about the lifetime broadening.
In order to resolve the many possible d states in a film, it is important to eliminate extrinsic peak broadening. The most common problem is film roughness. In our work, we employ atomically uniform films of Ag grown on a Fe(100) whisker [1] . Photoemission from these "perfect" films shows discrete layer-by-layer quantum well peak evolution, and the absence of atomic layer fluctuation is key to the success of our study. The photoemission measurements were carried out at the Synchrotron Radiation Center in Stoughton, Wisconsin, which is managed by the University of Wisconsin-Madison as a national user facility. An undulator-based plane-grating monochromator and a 4-m normal-incidence monochromator provided the photon beam. Normal-emission spectra for photon energies in the range of 12-80 eV were collected using a hemispherical analyzer. Because of large variations in peak cross section, this wide energy range allowed a better determination of closely spaced peak positions (see below). A liquid nitrogen cryostat kept the sample at 110 K during the measurements. seen within the binding energy range of 0-3 eV, which are quantum well states derived from the nearly free electron like sp band [1] . These peaks are easily seen for hn 60 eV and are much weaker for hn 35 eV due to lower cross sections. The peak positions are independent of photon energy, and the energy shift of each peak caused by a thickness increment of 1 ML is fairly large due to a large sp-band group velocity. All of the spectra shown in Fig. 1 correspond to atomically uniform films. At noninteger coverages, the spectrum would show two sets of peaks corresponding to neighboring integer thicknesses.
The d-band region begins at ϳ4 eV binding energy, and there are numerous quantum well peaks in Fig. 1 . These data as well as data taken with other photon energies and other thicknesses yield the following observations: (i) The number of peaks in the d-band region, ϳ5N, increases rapidly as a function of thickness, and eventually the peaks can no longer be resolved. Even at a film thickness of just 4 ML, up to ϳ20 peaks are expected. (ii) While the energy position of each peak is independent of the photon energy, the cross section can vary significantly. Some weaker peaks that are not apparent in the data shown in Fig. 1 can be brought out by using different photon energies, thus allowing a better compilation of peak positions.
(iii) The peaks near the top of the d-band manifold are much sharper than the rest. The leading peaks remain well resolved for most of the thickness range studied. (iv) At film thicknesses larger than ϳ25 ML, the large number of peaks (over 100) merges into a bulklike spectrum.
The quantum well peak positions, wherever resolvable, are deduced from a fit to the spectra using Voigt line shapes. The Gaussian width is the instrumental resolution deduced from a fit to the Fermi edge line shape, and the Lorentzian width is taken to be a fitting parameter. The resulting compilation of peak positions allows us to refine the band structure, which is known only approximately from various calculations and experiments based on bulk samples. The basis of this analysis [9] [10] [11] is the Bohr-Sommerfeld quantization rule, also known as the phase accumulation rule:
where k is the wave vector of the quantum well state, t is the monolayer thickness, F is the total boundary phase shift, and n is a quantum number. The binding energy E of each quantum well peak is directly measured, but Eq. (1) in itself is insufficient to give k, because F is unknown. At least another thickness N 0 is required. For example, if state n 0 for thickness N 0 is at the same binding energy, then k and F are the same, and the quantization condition for this state,
can be combined with Eq. (1) for a simultaneous solution of k and F at E. Instead of a point-by-point analysis, we employ a leastsquares fitting procedure to account for all measured peak positions obtained at many different film thicknesses. A parametrized band structure k͑E͒ based on the combined interpolation scheme of Smith and Mattheiss [12] is used. The phase shift function F͑E͒ is taken to be a third order polynomial with its coefficients as fitting parameters. Using these fitting functions, quantum well peak positions are calculated numerically as solutions of Eq. (1) (1) is not expected to work well at such small thicknesses, where the potential steps at the two boundaries of the film overlap and the phase shift becomes dependent on the film thickness [1] . Figure 2(a) shows an amplified portion of the 35-eV data set together with the predicted peak positions based on the best fit, using various symbols. The different colors denote quantum well peaks derived from the correspondingly color-coded bands shown in Fig. 2(b) . Each colored curve marked n in Fig. 2(a) corresponds to a fixed quantum number n (1, 2, or 3 ) in Eq. (1). For quantum well peaks with k near the zone boundary, it is more convenient to use a reduced quantum number N 2 n (corresponding to using a reduced wave vector measured from the zone boundary). Each colored curve in Fig. 2(a) marked by N 2 n corresponds to quantum well states with a fixed reduced quantum number (0, 1, or 2). Clearly, there are many more peaks at higher thicknesses as the allowed quantum numbers increase, and gradually the peaks become unresolvable. By N 25, the peaks, lifetime broadened, merge to form essentially a continuum. The spectrum becomes bulklike and changes little at higher thicknesses. Thus, quantum well effects are important only up to about 25 ML. Figure 2(c) shows the phase shift from the fit. Figure 3 shows in detail the resulting band structure from our analysis (solid curves). The three shaded regions indicate where data are available. The bottom shaded region covers the d manifold and corresponds to the analysis discussed above. Also included in our fit of the band structure is the sp quantum well data previously analyzed [1] ; the range of this data set covers 0-2 eV below the Fermi level and is indicated by the middle shaded region. There are no data points between 2 and ϳ4 eV below the Fermi level, because the sp band is not confined resulting in no quantum well peaks. A portion of the unoccupied sp band, deduced from direct-transition data taken from a bulk single crystal Ag(100) [1] , was also included in the fit as indicated by the top shaded region. For comparison, the band structure proposed by Smith [13] based on an analysis of old photoemission and optical data is included in Fig. 3 as crosses. Accurate band mapping is a well-known challenge for conventional photoemission studies using bulk samples due to a poor k resolution caused by a very large final state lifetime broadening. This problem does not exist for the present study because k is defined by the quantum well geometry.
An inspection of the spectra in Figs. 1 and 2 reveals that the widths of the d-band quantum well peaks increase significantly from the top to the bottom of the d-band manifold. This trend is further illustrated by the spectra shown in Fig. 4(a) , taken with a photon energy of 12 eV. As expected, the lifetime broadening increases towards higher binding energies, because there is more phase space for a d hole to decay via d-d-sp Coster-Kronig-Auger transitions. This decay channel is, however, inoperative for the leading peak near the top of the d manifold, and therefore this peak remains very sharp for most of the thickness range studied before it weakens and merges with other peaks. The circles in Fig. 4(b) represent the Lorentzian width of the leading peak plotted as a function of film thickness for various photon energies. The width is seen to decrease steadily for increasing film thickness, reaching a minimum value of ϳ20 meV around 15 ML, beyond which the peak becomes too weak for a reliable analysis.
The reason for this thickness dependence is as follows. The lack of a true gap in the Fe substrate leads to a boundary reflectivity R , 1, and the quantum well states in the Ag film are not fully confined. Partial reflection at the boundary results in decay of the wave function and, hence, in a broadening beyond the lifetime contribution G. This effect is particularly important at small thicknesses because there will be more reflections of the electrons at the boundaries. A straightforward analysis [1] shows that the peak width is given by
where l, the mean free path, is related to G and the group velocity n by l hn͞G. The solid curve in Fig. 4(b) is a fit with G 13 meV and R 0.68 as the only fitting parameters. This G represents by far the narrowest lifetime width ever reported for a bulk state at such a large binding energy (4 eV). For comparison, the narrowest surface state ever reported was the M state on Cu(100) with a width of 7 meV at a binding energy of 1.8 eV [14] . Such surface states tend to be narrow because the wave functions are spatially decoupled from the bulk resulting in a suppressed Auger decay rate. The narrowest bulk d state ever reported previously was from the top of the d band of Cu(100) with a width of about 25 meV at a binding energy of 2 eV [15] . Contributions to this G include phonon scattering and d-sp-sp Auger decay (which is much weaker than the 
d-d-sp channel)
. Note that as the film thickness increases, the leading d quantum well peak moves ever closer to the band edge. As the group velocity decreases, so does the mean free path l hn͞G for a constant lifetime width G 13 meV. The mean free path calculated using the best-fit band structure is shown as a dashed curve in Fig. 4(b) . At a film thickness of 15 ML, l 30 Å is just about the same as the film thickness. Beyond this point, quantum well effects should diminish rapidly because of the loss of phase coherence. This partly explains the very much reduced quantum well peak intensity beyond this thickness. Defect scattering is negligible in this case, because the mean free path caused by defect scattering alone, about 1000 Å [1] , is much larger than l.
From this study, we can conclude that d-band quantum well states do exist despite the relatively localized nature of the d states. However, the thickness range in which quantum well effects are significant is limited to ϳ25 ML, much smaller than that for the sp states (well over 100 ML) [1] . Within the d manifold, lifetime broadening becomes larger towards higher binding energies, further limiting the range of quantum well effects. Despite the large number of peaks crowding the d manifold, it is possible to perform a detailed analysis of the peak positions by taking measurements over a wide range of photon energy. Such an analysis yields a very accurate band structure as well as valuable information about the lifetime, which is difficult to obtain using traditional photoemission measurements of bulk crystals.
This 
